Background: Implicit memory cannot be consciously recalled but may be revealed by changes in behavior. There is evidence for implicit memory formation during anesthesia in adults, but several studies in children have found no evidence for implicit memory. This may be due to insensitive testing. Also many of these tests were undertaken under controlled conditions. It remains unknown whether implicit memory is formed during routine pediatric anesthesia. The aim of this study was to determine whether there is evidence of implicit memory formation during routine anesthesia in children, using a degraded auditory stimulus recognition task. Methods: Three hundred and twelve children, aged 5-12 yr, were randomly assigned to be played either a sheep sound or white noise continuously through headphones during general anesthesia. No attempt was made to standardize the anesthetic. On recovery, children were played a sheep sound degraded by a white noise mask that progressively decreased over 60 s, with the outcome being the time taken to correctly recognize the sheep sound. Results: Three hundred children completed the task. A comparison of the distribution of recognition times between the two groups found little evidence that exposure to a sheep sound during anesthesia was associated with postoperative time to recognition of a degraded sheep sound (hazard ratio 1.14, 95% CI of 0.90 -1.43, P ϭ 0.28). Conclusion: No implicit memory formation during routine anesthesia was demonstrated in children. It is increasingly likely that the potential clinical implications of implicit memory formation are less of a concern for pediatric anesthetists.
I MPLICIT memories are memories that cannot be consciously recalled but can still have an influence on feelings, thoughts, and behavior. Although the relevance of implicit memory during anesthesia is unclear, it has been suggested that it may contribute to problematic behavior after anesthesia. 1 There is evidence for the formation of implicit memory during anesthesia in adults. 2 In contrast, it is less clear whether children can form implicit memories during anesthesia. It is plausible that implicit memories are formed in children during anesthesia as compared with explicit or consciously recalled memory, and implicit memory emerges early in life and is thought to be developmentally stable from the age of 3. 3, 4 It is perhaps also pertinent that there is an increasing evidence that explicit memory formation during anesthesia (awareness) is greater in children than in adults. [5] [6] [7] [8] [9] Nevertheless, published pediatric studies have detected no or only weak evidence for implicit memory formation during anesthesia. 1,10 -14 These negative findings may be attributable to various methodological limitations, such as small sample sizes, lack of a formally constructed control group, using memory tasks with only limited validation, and testing for the more complex conceptual priming rather than perceptual priming. Also, the auditory priming stimuli may have been unfamiliar, too numerous or presented for too short a duration, and reliance on dichotomous outcome measures may have further decreased the sensitivity of these studies. Some of these studies also tested for implicit memory only during prescribed anesthesia conditions. Although it is interesting to identify implicit memory in such prescribed conditions, it may be worthwhile to first investigate whether there is any evidence for implicit memory formation in everyday routine pediatric anesthesia.
We recently developed a new test of perceptual priming to detect implicit memory suitable for children in the setting of anesthesia; the degraded auditory stimulus recognition task. 15 The aim of this study was to determine whether there was evidence for implicit memory formation during routine anesthesia in children, using this perceptual priming task. 15 
Materials and Methods
This randomized, double-blinded controlled trial was conducted at the Royal Children's Hospital in Victoria, Australia, with ethical approval granted by the institution's Human Research Ethics Committee and written informed consent from parents or guardians. Children aged 5-12 yr scheduled for general anesthesia were considered for inclusion. Children were excluded if they were hearing impaired, developmentally delayed, nonEnglish speaking, expected to be mechanically ventilated postoperatively, having procedures that precluded use of headphones, or involved in previous studies in which sounds were played.
Randomization and Blinding
Children were randomized using a sequentially numbered, opaque, sealed envelope system to be played either one of two compact discs (CD, "A" or "B") in a 1:1 ratio, using a variable block size. The randomization schedule was generated using Stata version 10.0 (Stata Corporation, College Station, TX). Randomization was stratified according to age (5 to Ͻ9 yr and 9 to Ͻ13 yr), as the study by Phelan et al. 15 showed a strong association between age and test performance.
The CDs used in this study were identical to those used in the study by Phelan et al. 15 One CD contained a 60-s recording of a sheep sound whereas the other contained a 60-s recording of white noise. An independent statistician arbitrarily labeled these as either "A" or "B". The study investigators and the statistician were unaware of which CD corresponded to which sound. After the patient was entered into the study, the randomization envelopes were opened sequentially by a researcher, and the allocation was recorded on patient case report forms. Others involved (anesthetists, surgeons, participants and their parents) were unaware of this allocation and also of what the intraoperative sounds actually were.
Procedure
Prospective candidates were identified from daily theater schedules and approached before anesthesia. Written informed parental consent and verbal child assent were obtained before enrolment. To avoid inducing anxiety in children concerning the possibility of memory formation during anesthesia, parents, anesthetists, and others involved in the study were requested not to tell the children that sounds would be played during anesthesia. A preoperative trial of the degraded auditory recognition task using a cat sound was also performed to check the hearing and cognitive ability of the child, to familiarize them with the task and researcher, and to set the volume level for subsequent use.
Treating anesthetists were permitted to give the anesthetic and other agents at their discretion and to use anesthesia depth monitoring if desired. Headphones were placed on the child, and the assigned CD played after induction of anesthesia, immediately before insertion of the laryngeal mask airway or the endotracheal tube. The track was played on repeat and stopped when anesthesia ended (cessation of volatile agent or total intravenous anesthesia), unless clinical circumstances arose that necessitated removal of the headphones. The start and end times of the exposure were recorded.
Demographic data were obtained from patients and medical records. In addition, anesthesia and surgical information were collected. This included administration of any sedative premedications, induction and maintenance agents, muscle relaxants, and intraoperative analgesics. The end-tidal concentrations of maintenance agents were noted at 5-min intervals throughout the procedure.
Postanesthesia, the children were interviewed and tested when they were orientated and willing to participate. This was on the day of surgery where possible, otherwise on the following day. First, any explicit memory or dreaming was elicited using a structured interview as described previously. 9 The children were then played the degraded auditory recognition task with a cow sound that, similar to the preoperative cat trial, was intended to familiarize children with the test. The implicit memory test with the degraded sheep sound was then administered. Finally, the children were told that sounds had been played during anesthesia, and the purpose of the study was explained.
The primary outcome was time to unprompted recognition of a sheep sound, measured in seconds, on the degraded sheep auditory stimulus recognition task. Responses accepted as correct were "sheep," "lamb," "goat, " or "baa."
The Degraded Auditory Stimulus Recognition Task
The degraded auditory stimulus recognition task involves playing a 60-s track of mixed sound to a child. The track starts with 100% white noise and over 60 s the amount of white noise in the mix decreases to zero whereas the amount of the recognizable sound (such as a sheep) increases from none to pure sound. Children are timed as to how quickly they can identify the sound because it gradually becomes clearer over the 60 s. If children have been exposed to the sound previously, they will recognize it faster, even when they have no recollection of having heard it before. 15 
Sample Size
In the study by Phelan et al. with 105 children, priming was demonstrated for a sound played before anesthesia with an estimated hazard ratio of 2.2 (unreported calculation obtained from survival analysis of the study data). As the current study would involve priming of a sound during actual anesthesia, a more modest effect size was anticipated. It was considered feasible for about 300 patients to be recruited into the study, which would permit detection of a hazard ratio of 1.4 with 80% power at a 5% significance level. This calculation assumed a censoring rate (probability of not recognizing the sound within 60 s) of 10% in the control group, based on the control group censoring rate in the pilot.
Statistical Methods
The time-to-recognition distributions of the two randomization groups were displayed graphically using Kaplan-Meier failure curves. Cases where explicit memory of hearing the sheep sound was reported were to be excluded from analysis. Observations were censored if the child failed to recognize the sound by the end of the track, stopped listening partway through, or recognized the sound only upon prompting.
Proportional hazards regression was used to compare the instantaneous probability of sheep sound recognition at any moment during the task between the two groups. Estimates were expressed as hazard ratios with associated 95% CIs. The Efron method was used to handle ties and the proportional hazards assumption was checked for all such analyses, both visually and by testing for a constant log-hazard ratio overtime. 16 The prespecified analysis plan was an intention-to-treat analysis with the randomization group as the only covariate. A per protocol sensitivity analysis was also performed with the sound actually heard, rather than allocated. A further analysis was performed to investigate the effect of adjusting for two covariates that the researchers a priori considered likely to be associated with the primary outcome, namely the age of the child and the duration of anesthesia (reflecting the amount of time for which a child was exposed to the sound played intraoperatively). Interactions of each covariate with the randomization group were considered and retained if they yielded P Յ 0.05. Model fit was investigated by plotting Cox-Snell residuals against their cumulative hazard.
During peer review of the manuscript, it was also suggested that measures of anesthesia depth were investigated as possibly important covariates. Therefore, we performed two further post hoc analyses, one adjusting for presence of possible awareness or dreaming and another adjusting for endtidal concentration of anesthetic. The end-tidal concentra-tion of anesthetic was calculated by adding the age-adjusted minimum alveolar concentration (MAC) equivalents for end-tidal concentrations (where applicable) of isoflurane, sevoflurane, and nitrous oxide for each recorded time period (every 5 min) while the sound was played. These were then averaged for each child. The age-adjusted MAC equivalents were calculated using the formulae described by Lerou. 17 For each model, we included the randomization group and age as well as the new covariate of interest. Each model included an interaction term for the covariate with randomization group, because it seemed plausible that the effects of anesthesia depth upon time to recognition of sheep sound might differ between the sheep and white noise groups.
Other data were summarized using appropriate descriptive statistics (mean and SD for normally distributed or symmetric variables; median and interquartile ranges for skewed variables; number and proportion for categorical variables). All analyses were performed using Stata 10.0 (StataCorp LP, College Station, TX).
Results
Details about the number of children assessed for eligibility, excluded, and randomly assigned to hear either the sheep sound or white noise are shown in figure 1 . A total of 312 children were enrolled between September 2008 and March 2009, with 12 of these being additional recruitments to replace children who were enrolled but did not receive the intervention (n ϭ 6) or who did not complete the implicit task (n ϭ 6). Two children randomized to the control group were played the sheep sound by mistake; all other children were played their allocated sounds. Five children who correctly recognized the sheep sound did so after nondirective prompting by the tester, which was not specified in the protocol. The final sample for analysis consisted of 300 children.
Reasonable balance was achieved with regard to age, sex, procedure performed, and anesthesia details (tables 1 and 2). However, in spite of randomization, on inspection there was evidence for an imbalance in duration of surgery, with the sheep group experiencing longer median durations of surgery and hence anesthesia and exposure to sound (table 3) . It was not possible to conduct the postoperative interview and task on the day of surgery in 20 instances (white noise: n ϭ 7; sheep: n ϭ 13). The overall median time difference between the end of anesthesia and the interview was similar between groups (1.4 vs. 1.5 h). The rate of censoring was approximately 3% for the sheep group and 6% for the white noise group. Because no child had explicit recall of a sheep, no child needed to be excluded from the analysis for implicit memory formation because of explicit memory formation. Figure 2 shows Kaplan-Meier failure curves for the time to recognition in the two groups. Median time to recognition was 22 s for both groups. The primary analysis yielded little evidence (P ϭ 0.28) that exposure to a sheep sound during anesthesia was associated with postoperative time to recognition of the degraded sheep sound. The hazard ratio for sheep recognition was estimated to be 1.14, with a 95% CI of 0.90 -1.43. In other words, children allocated to hear the sheep sound intraoperatively were estimated to be 1.14 times more likely than the children allocated to hear white noise to recognize the sheep sound at any moment during the implicit memory test, given that they had not yet recognized the sheep sound before that moment. In the underlying population, the hazard may be up to 10% lower or up to 43% higher for the sheep group compared with the white noise group. The CI includes the null value of 1, corresponding to the equal probability of recognition for both groups. The sensitivity analysis with the per-protocol analysis yielded results essentially the same as that of the primary analysis with a hazard ratio of 1.15 (95% CI 0.91-1.45, P ϭ 0.24).
Evidence for a priming effect weakened further after adjustment for child age (modeled as a continuous covariate). The age-adjusted hazard was estimated to be 8% higher for the sheep group (95% CI of 15% lower to 36% higher hazard, P ϭ 0.54). A strong evidence was found for age being associated with the hazard of sheep sound recognition (P Ͻ 0.001), with the hazard of correctly recognizing the sheep sound estimated to increase by 12% for each increase in age of 1 yr (95% CI of 6% increase to 18% increase). Little evidence was found for an age by randomization group in- teraction (P ϭ 0.16). When duration of anesthesia (modeled as the base 2 logarithm of time in minutes) was added to the age-adjusted model, no evidence was found for an association with the hazard of correctly recognizing the sheep sound (P ϭ 0.23). The proportional hazards assumption was checked and found to be reasonable for all models (P Ն 0.48 for a null hypothesis of a constant log-hazard ratio). Model fit was investigated for the age-adjusted model and found to be satisfactory. For estimating average MAC equivalent of end-tidal concentrations, there were data for 128 children in the white noise group and 144 in the sheep sound group (data were missing in some children and those who received total intravenous anesthesia were excluded). The mean average MAC equivalent of end-tidal concentration was 1.30 (SD 0.37) for the white noise group and 1.25 (SD 0.47) for the sheep sound group. Adding MAC equivalent and an interaction with group to the age-adjusted model did not strengthen the evidence for an association between group and the primary outcome, with a Wald test of the hypothesis that the hazard ratios for group and the group-MAC equivalent interaction are jointly one (have no effect), yielding P ϭ 0.52. The hazard ratio for the group-MAC equivalent interaction was 1.27 (95% CI 0.68 -2.38).
Twenty-two children (14.9%) reported dreaming during anesthesia, 12 in the white noise group, and 10 in the sheep sound group. Six children (2%) reported memories in the interview that suggested possible intraoperative awareness, five of the six in the white noise group and one in the sheep sound group. One child in the white noise group reported both a dream and memories, which were possibly awareness. Characteristics of possible awareness are described in table 4. None of the possibly aware children reported feeling frightened or distressed about the experience.
Adding possible awareness or dreaming and an interaction with group to the age-adjusted model did not strengthen the evidence for an association between group and the primary outcome, with a Wald test of the hypothesis that the hazard ratios for group and the group-possible awareness or dreaming interaction are jointly one (have no effect), yielding P ϭ 0.25. The hazard ratio for the group-awareness/ dreaming interaction was 1.91 (95% CI 0.83-4.38).
Discussion
This study found no evidence of implicit memory formation in children during routine anesthesia. This result is consistent with previous studies. By using perceptual priming, Andrade et al. 10 and Lopez et al. 1 also found no evidence of implicit memory in children during anesthesia, although their findings may have been influenced by their use of multiple stimuli and relatively few presentations. We primed children with only one stimulus played continuously after induction until the cessation of anesthesia. Bonke et al. 11 and Kalff et al. 12 also found no evidence for priming. However, in their studies there were study-test changes in modality, which may have reduced the likelihood of priming. 18 A significant difference between our study and previous studies was also that in our study there was no standardization of anesthesia delivery or anesthesia depth. The anesthetic regimen was left to the discretion of the treating anesthetist. The reason for doing this was that we wished to determine whether implicit memory is formed during routine or real life pediatric anesthesia. In this respect, this study is more of an observational study rather than a study specifically addressing the question of whether or not age influences the likelihood of implicit memory at any particular dose or depth of anesthesia. Anesthesia practice differs somewhat between adults and children, thus we believed that it is important to determine whether indeed implicit memory is formed during routine anesthesia in children before embarking on more rigorous and challenging studies to determine whether there is a specific effect of age. Studies in adults have found evidence for implicit memory formation during anesthesia. It is unclear why there is some evidence for implicit memory formation during anesthesia in adults but not in children. This may be because of the possible differences with age in memory formation or the pharmacology of general anesthetics. However, there are several other possible reasons for this discrepancy of findings. First, the hospital experience can be distressing and confusing for children. Thus, when testing memory, children may be more reticent and less cooperative than adults, particularly after an experience such as surgery. Second, it is possible that implicit memories are indeed formed in children during anesthesia, but to such a small extent that it remains undetected with any of the current tests used in children. In other words, despite the successful validation on pilot studies, tasks that have been used may still lack the sensitivity to detect the level of implicit memory formation that takes place during anesthesia in children. Lastly, the emotional salience of the stimulus may also influence priming. Comments with great negative connotations or personal relevance may be more likely to lead to implicit memory. 19 The stimuli used in tests for children have not been emotionally charged. The use of more salient stimuli may be a consideration for future studies.
There are particular reasons why implicit memory may not have been detected in our study. The mean average endtidal MAC equivalent during sound exposure in this study was more than 1.25 MAC. There is some evidence that in adults implicit memory formation tends to be more likely during light anesthesia. 2 Although MAC equivalent data are imperfect for the reasons explained previously and direct comparisons with studies in adults are difficult because of differences in design and outcome measure, it could be argued that 1.25 MAC is relatively deep anesthesia and this may explain the lack of implicit memory formation in our study compared with studies performed in adults. Although the findings add weight to the evidence that implicit memory does not form during anesthesia in children, our negative results should also be considered in the light of several other possible study limitations. First, to ensure the detection of an effect that may diminish with time, implicit memory testing should be conducted as soon as possible after surgery. Twenty children were too unwell to be interviewed on the day of surgery; however, the median time interval for testing the next day was 18 h, well within the 36-h interval advocated by Merikle and Daneman in their meta-analysis of studies with adults. 20, 21 Second, there was, on inspection, a degree of imbalance between groups in our study with a greater proportion of children randomized to the sheep group having longer surgery. It is difficult to predict how the priming effect may have been affected by any imbalance. When the analysis was adjusted for duration of surgery, there was still no evidence for implicit memory formation.
Third, although anesthetists and other healthcare staff were blinded to the randomization and unaware of the possible sounds, they did know which children were enrolled in the study. It is possible that an anesthetist might err on the side of deeper anesthesia if they knew a child was in a study that involved memory assessment. This cannot be proven or disproven; however, it is interesting to note that in recent studies of awareness in the same institution, the rate was higher when the anesthetist was unaware that an awareness study was underway. 5, 9 Related to this issue, in this study anesthesia depth monitoring was not used. Such monitoring is not a routine practice at our institution, and it was not added to the study protocol for logistic reasons. Without a measure of anesthesia depth, it is difficult to know how deeply anesthetized children were in this study and hence how to generalize the findings to other populations. The use of depth monitoring may also be useful to specifically investigate the influence of anesthesia depth on memory formation; and certainly future studies should strive to include depth monitoring.
Lastly, the lack of standardization did lead to some variation in the type and depth of anesthesia. However, end-tidal concentrations of volatile anesthesia were recorded, allowing some analysis of the effect of anesthesia dose on implicit memory formation. There was no evidence for implicit memory when adjusted for anesthesia dose, but it is important to note that the study was not powered or specifically designed to test this association and this was a post hoc analysis. Similarly, there was no evidence for an interaction between dose and randomization group. However the CIs around this interaction were wide, so the possibility that such an interaction might exist cannot be ruled out. It should also be noted that the data on anesthesia dose are imperfect; records were only made every 5 min and there was no adjustment for use of boluses of propofol during maintenance or the use of opioids. Also, memory may occur during brief periods of lighter anesthesia and that averaging data every 5 min may not detect these brief periods of lighter anesthesia. A further post hoc analysis was suggested to investigate dreaming and possible awareness as potential markers of light anesthesia. As for anesthesia dose, when adjusting for dreaming and possible awareness, there was no evidence for an association with response time and there was no evidence for an interaction; however the total number of dreaming and awareness events was small, thus limiting the power of this analysis.
In this study, we sought to detect children with clear explicit memory of the sheep sound so that we could exclude them from analysis. The study was not designed primarily to assess dreaming or awareness; however, our observed overall incidence of dreaming (7.3%) was similar to that reported by Huang et al., 22 (10.4%) and the incidence of "possible awareness" was similar to the "preadjudicator reports" in other studies (1.5 7 to 2.2% 5 ). Importantly, there was no independent adjudication of awareness and only one interview was conducted; thus, we cannot comment on the "true" rate of awareness in this study.
In conclusion, we found no evidence for implicit memory formation during anesthesia in children. Although implicit memory tests are not without limitations, this result does add to the increasing body of evidence suggesting implicit memory formation is unlikely to be relevant to pediatric anesthesia.
